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The Pax6 gene plays several roles in retinal development, including control of cell proliferation, maintenance of the retinogenic potential of
progenitor cells, and cell fate specification. Emerging evidence suggests that these different aspects of Pax6 gene function are mediated by
different isoforms of the Pax6 protein; however, relatively little is known about the spatiotemporal expression of Pax6 isoforms in the vertebrate
retina. Using bacterial artificial chromosome (BAC) technology, we modified a zebrafish Pax6a BAC such that we could distinguish paired-
containing Pax6a transcripts from paired-less Pax6a transcripts. In the zebrafish, the spatial and temporal onset of expression of these transcripts
suggests that the paired-less isoform is involved in the cell fate decision leading to the generation of amacrine cells; however, because of
limitations associated with transient transgenic analysis, it was not feasible to establish whether this promoter was active in all amacrine cells or in
a specific population of amacrine cells. By making mice transgenic for the zebrafish Pax6a BAC reporter transgene, we were able to show that
paired-containing and paired-less Pax6a transcripts were differentially expressed in amacrine subpopulations. Our study also directly
demonstrates the functional conservation of the regulatory mechanisms governing Pax6 transcription in teleosts and mammals.
Published by Elsevier Inc.Keywords: Transgene; Alternative promoter; Retina; EyeIntroduction
The vertebrate retina contains six types of neurons and one
type of glial cell, which are arranged in three distinct cellular
layers. The outer nuclear layer (ONL) contains the rod and cone
photoreceptors. The inner nuclear layer (INL) contains the cell
bodies of the horizontal, bipolar, and amacrine interneurons and
also Müller glial cells. The ganglion cell layer (GCL) contains
ganglion and displaced amacrine cells. Birthdating studies have
revealed that these distinct cell types are generated in a temporal
order that appears to be generally conserved between fish,
amphibians, birds, and mammals (Belecky-Adams et al., 1996;
Carter-Dawson and LaVail, 1979; Cepko et al., 1996; Hu and
Easter, 1999; La Vail et al., 1991; Stiemke and Hollyfield, 1995;
Young, 1985). The retinal ganglion cells (RGCs) differentiate
first followed by horizontals, cones, and amacrines; rods,
bipolars, and Müller glial cells differentiate last. Although there⁎ Corresponding author. Fax: +1 706 542 4271.
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there is extensive overlap in the periods during which each cell
type is produced. Lineage tracing studies have revealed that the
different types of cells in the retina arise from a common multi-
potent progenitor (Holt et al., 1988; Turner and Cepko, 1987;
Turner et al., 1990; Wetts and Fraser, 1988; Young, 1985). These
and other findings (Austin et al., 1995; Belliveau and Cepko,
1999; Belliveau et al., 2000) have given rise to the current model
of retinogenesis in which cell fate decisions are governed by the
interplay of extrinsic and intrinsic factors (Cepko, 1999; Harris,
1997; Livesey and Cepko, 2001; Marquardt and Gruss, 2002).
In the Competence model of retinal development (Cepko et
al., 1996), retinal progenitors pass through successive and
intrinsically distinct competence states, during each of which the
progenitors are competent to produce a subset of retinal cell
types (Livesey and Cepko, 2001). Competence states appear to
be largely controlled by intrinsic factors, especially genes
encoding for transcription factors from the basic helix–loop–
helix (bHLH; Mash1, Math3, Math5, NeuroD1, Ngn2, Hes1,
Hesr2, Bhlhb4), forkhead/winged helix (Foxn4), and homeo-
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families (Bramblett et al., 2004; Brown et al., 2001; Burmeister
et al., 1996; Dyer et al., 2003; Furukawa et al., 2000; Inoue et al.,
2002; Li et al., 2004; Marquardt et al., 2001; Mathers et al.,
1997; Morrow et al., 1999; Satow et al., 2001; Tomita et al.,
1996, 2000; Wang et al., 2001; Yan et al., 2001). Within a
competence state, the generation of a particular cell type is
controlled by environmental signals (Altshuler et al., 1993;
Austin et al., 1995; Ezzeddine et al., 1997; Furukawa et al.,
2000; Guillemot and Cepko, 1992; Kelley et al., 1994; Kelley
et al., 1995; Lillien, 1995; Zhang and Yang, 2001).
Of the intrinsic factors, the Pax6 gene stands out because it
plays several key roles in eye development. First, Pax6 is
required for normal optic vesicle formation. Null mutations in
Pax6 result in early arrest of eye morphogenesis at a primitive
optic vesicle stage (Grindley et al., 1995; Hogan et al., 1986).
Although arrested, molecular marker analyses reveal that these
mutant optic vesicles are patterned into optic stalk, neural retina,
and retinal pigmented epithelium (Baumer et al., 2003);
however, these mutant optic vesicles exhibit reduced prolifera-
tion, coupled with precocious neurogenesis (Philips et al., 2005).
Second, Pax6 is required in the optic cup to maintain both the
proliferative state and retinogenic potential of retinal progenitor
cells (RPCs). Conditional inactivation of Pax6 in the RPCs of
the distal cup just prior to the onset of cell differentiation,
resulted in both reduced RPC proliferation and a restriction in
the Pax6 deficient RPCs to the GABAergic amacrine cell fate
(Marquardt et al., 2001). In contrast misexpression of Pax6 in
developing retinal explant cultures generated undifferentiated
cells in the INL (Inoue et al., 2002). Together, these studies
indicate that the Pax6 gene has at least three, overlapping
functions in the neural retina: promotion of progenitor
proliferation, maintenance of progenitor potential, and regula-
tion of the timing of cellular differentiation. However, it is not
clear how the Pax6 gene performs these different tasks.
One possible explanation is that different isoforms of the
Pax6 protein carry out different developmental functions. Three
isoforms of the Pax6 protein have been reported in vertebrates:
canonical Pax6, Pax6(5a), and paired-less Pax6 (Pax6ΔPD).
The canonical form of Pax6 contains two DNA-binding
domains, the paired domain (PD) and paired-like homeodomain
(HD), which are linked by a glycine-rich region, followed by a
proline–serine–threonine (PST) rich transactivation domain
(Glaser et al., 1992; Hill et al., 1991; Ton et al., 1991, 1992;
Walther and Gruss, 1991). The second Pax6 isoform, Pax6(5a),
is similar to canonical Pax6 with the exception of the PD. This
isoform is generated by alternative splicing and contains an
exon 5a-encoded 14 amino acid insertion in the N-terminal
subunit of the PD (Epstein et al., 1994; Glaser et al., 1992;
Walther and Gruss, 1991). In contrast with the other two
isoforms, the third isoform, Pax6ΔPD, lacks the paired-domain
(Carriere et al., 1993; Kim and Lauderdale, 2006). Transcripts
from an internal Pax6 promoter encode for Pax6ΔPD
(Kammandel et al., 1999; Kim and Lauderdale, 2006). Recent
studies addressing the function of the paired domain and
homeodomain have demonstrated that both the PD and HD are
important for the regulation of proliferation and cell fate in theeye (Azuma et al., 2005; Dominguez et al., 2004; Favor et al.,
2001; Haubst et al., 2004); however, little is known about the
expression or function of the paired-less isoform (Pax6ΔPD).
Although it was shown previously that Pax6ΔPD exhibits a
restricted expression in cells of the developing quail neural
retina (Carriere et al., 1993), that study was carried out using a
primary cell culture approach and little could be said about the
distribution of Pax6ΔPD in the embryo.
In this study, we tested the idea that Pax6ΔPD exhibits a
restricted expression pattern within the developing eye. We pro-
vide the first direct evidence that Pax6ΔPD exists in teleosts.
Using a dual reporter Pax6a BAC transgene, we examine the
spatiotemporal expression of paired-containing and paired-less
Pax6a transcripts in the developing zebrafish embryo. We
show that Pax6a paired transcripts are expressed by most, if not
all, cells that express Pax6a, and that the Pax6a paired-less
isoform is expressed within the retina in developing amacrine
cells in zebrafish. We further demonstrate that the regulatory
elements governing Pax6a transcription are functionally con-
served between zebrafish and mice. Finally, we demonstrate that
Pax6ΔPD transcripts are expressed in a population of GABAer-
gic, but not glycinergic, amacrine cells in the adult mouse retina.
Materials and methods
Zebrafish strains
Wild-type (“outbred”, WIK or TL) embryos were obtained from zebrafish
(Danio rerio) lines maintained following standard procedures (Westerfield,
2000). “Outbred” lines were originally obtained from a Florida fish farm and
have been maintained for several years in our colony. WIK and Tuebingen long
fin were obtained from the Zebrafish International Resource Center (ZIRC).
Embryos were staged by hours postfertilization (hpf or h) and by standard staging
criteria (Kimmel et al., 1995). Gene symbols according to ZFIN (http://zfin.org).
Organization of the Pax6a gene
Each Pax6a exon was placed by comparison of Pax6a cDNA sequences
with the genomic sequence from linkage group 25. The genomic sequence
flanking each exon was then used to define intron–exon boundaries using
established criteria for donor and acceptor sites (Burset et al., 2000; Jackson,
1991; Mount, 1982; Shapiro and Senapathy, 1987). To be consistent with the
nomenclature used to describe the Pax6 loci of human (Ton et al., 1991), mouse
(Kammandel et al., 1999; Xu et al., 1999), and quail (Dozier et al., 1993; Plaza et
al., 1999b), the 5′-most exon of Pax6a was designated as “exon 0,” and the third
promoter was designated as “alpha.”A detailed description will be provided in a
separate publication.
BAC modification
Zebrafish BAC clone DKEYP-46C10 (Genebank accession: AL929172)
was modified by targeted insertion of an enhanced green fluorescent protein
(EGFP) pA reporter cassette into Pax6a exon 4 followed by targeted insertion of
a Discosoma sp. red fluorescent protein (DsRed; Contech) pA reporter cassette
into Pax6a exon 8, using the prophage BAC modification system (Lee et al.,
2001; Yu et al., 2000). The EGFP-FRT-kan-FRT targeting cassette was PCR-
amplified from pCS2+MTeGFP-FRT-kan-FRT (gift of X. Fan and S. Dougan,
UGA) using the Pax6a exon 4 forward targeting primer, Pax6a-E4-RecFor, 5′-
ATAGAATACTATAACCGGGCCACGTGGGAGTCTGGTGTCGCGTCCAT-
GATGGTGAGCAAGGGCGAGGAG-3′ and the exon 4 reverse targeting primer,
Pax6a-E4-RecRev, 5′-GACATACGTCTTTACCAATATACCAAAACAAATGCCT-
TTATGGCTAGATTGTATTCCAGAAGTAGTGAG-3′. The DsRed-FRT-kan-
FRT targeting cassette was PCR-amplified from pCS2+DsRed-FRT-kan-FRT
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AACACAAACTCAATAAGCTCCAATGGCGAGGACTCAGATGAGACC-
CAAATGGCCTCCTCCGAGGACGTCA-3′ and the exon 8 reverse primer,
Pax6a-E8-RecRev, 5′-TTTGTAACAGATGCTGTAATATTCGCTATAATCTCCA-
TGTTTACCTTTTTCAAGTATTCCAGAAGTAGTGAG-3′. Nucleotides in bold
italics are homologous to Pax6a sequences and those in roman are homologous to
the amplification cassettes. SV40 late polyadenylation (polyA or pA) addition
sequences are located immediately after both the EGFP and DsRed open reading
frames. The late polyA signal of SV40 is generally more efficient than the SV40
early polyA signal in mammalian cells (Carswell and Alwine, 1989). The PCR
products were gel purified using a Qiaquick gel extraction kit (Qiagen) and Dpn I
treated to remove template plasmid before use for homologous recombination.
The pCS2+DsRed-FRT-kan-FRT plasmid was constructed in two steps.
First, a 0.7 kb BamHI/EcoRI fragment encompassing the coding sequence of
Discosoma red fluorescent protein from pDsRed-Express (Clontech) was
subcloned into pCS2+ (gift of D. Turner, University of Michigan; Rupp et al.,
1994; Turner andWeintraub, 1994) to generate pCS2+DsRed. Second, the FRT-
kan-FRT SacII fragment of pIGCN21 (gift of N. Copeland, NCI; Lee et al.,
2001) was inserted into the SacII site of pCS2+DsRed.
Recombinogenic targeting was performed following the protocol Lee et al.
(2001). The EGFP pA reporter cassette was inserted into the BAC first. Double-
resistant colonies (CmR KanR) were assayed for homologous recombination by
PCR using the following primers: E4F1 (5′-CTGGACATAAGTGTATTGTG-
GAG-3′), E4R1 (5′-CCTTGAAGAAGATGGTGCG-3′), E4F2 (5′-tgctgcccga-
caaccactac-3′), and E4R2 (5′-CTCTCTCTAACACACACAGACGC-3′). The
kanamycin cassette was flipped out by induction of flipase, and the cells were
screened for kanamycin sensitivity (KanS). In these colonies, removal of the
kanamycin cassette was verified by PCR using the E4F1, E4F2, E4R1, and
E4R2 primers. The DsRed pA reporter cassette was then inserted into the EGFP-
modified BAC. Double-resistant colonies (CmR KanR) were assayed for homo-
logous recombination by PCR using the following primers: E8F1 (5′-CGAGA-
GAATCCTTTTGTCGC-3′), E8R1 (5′-AGGGGAAGTTCACGCCGATG-3′),
E8F2 (5′-CGAAAAAGTTGCCATCCG-3′), and E8R2 (5′-GACATTCTCATT-
CTACAGAGCGTC-3′). The kanamycin cassette was flipped out by limited
induction of flipase, and the cells were screened for kanamycin sensitivity
(KanS). In these colonies, removal of the kanamycin cassette was verified by
PCR using the E4F1, E4F2, E4R1, E4R2, E8F1, E8F2, E4R1, and E4R2
primers. The overall structure of the doubly modified BAC was examined by
fingerprint analysis (Gong et al., 2003; Kim and Lauderdale, 2006) using XbaI
and compared to that obtained for the unmodified BAC. The sequences of the
targeted regions were verified by automated sequencing of both DNA strands
(Fig. S1).
BAC injections into zebrafish
BAC DNAwas purified using the Sigma Phase Kit and diluted between 80
and 162 ng/μl in either KCl injection buffer (0.1 M KCl, 0.05 M Tris–HCl,
pH6.8, 1 mM EGTA) or BAC injection buffer (10 mM Tris–HCl, pH 7.5,
0.1 mM EDTA, 30 μM spermine, 70 μM spermidine, 100 mM NaCl). Both
buffers contained 0.1% phenol red as a tracer. Although equivalent results were
obtained using the KCl and BAC injection buffers and fresh BAC preparations,
we prefer the BAC injection buffer because the salts and polyamines stabilize
large DNA constructs (Montoliu et al., 1995; Schedl et al., 1993), and we have
been able to store intact BAC DNA at 4 °C for a year in polyamine buffer.
Microinjections were performed using thin wall borosilicate capillary tubing
(OD=1.0 mm, ID=0.75 mm) with an inner fiber for rapid fill (FHC,
Brunswick), pulled to a fine tip using a micropipette puller. The micropipettes
were backfilled with the injection solution and connected to a pressure injector
(Picospritzer II; General Valve, Fairfield, NJ) driven by compressed nitrogen.
Fertilized eggs were collected immediately after mating of adult pairs, and
placed into an injection holder. Approximately 1 nl of BAC DNAwas injected
into the blastodisc within 10 min of fertilization. Injected embryos were
removed from the injection holder, placed into embryo medium (Westerfield,
2000), and grown to the appropriate stage of development at 28.5 °C. In pilot
experiments, N90% of injected embryos retained the BAC after 1 dpf (Fig. S2);
however, for any given injection set, between 50% and 90% of the injected
embryos exhibited reporter expression (n=27 injection sets). Although the
basis for this variability was unclear, it was dependent on individual BACpreparations and storage time. Fresh BAC preparations typically gave the best
results. Only embryos with normal morphology were used for these analyses.
Analysis of transgene expression in zebrafish embryos
Injected embryos were screened for transient EGFP and DsRed expression
starting at 1 dpf using a Zeiss Stemi SV11 Apo (Carl Zeiss, Thornwood, NY)
dissecting microscope fitted for epifluorescence. All injected embryos were
treated with 0.003% 1-phenyl-2-thiourea (PTU, Sigma) to inhibit pigmentation
(Westerfield, 2000). For live imaging, embryos were anesthetized with 0.02%
ethyl 3-aminobenzoate methanesulfonate (tricaine, Sigma, A-5040) and
mounted in 3% methylcellulose in embryo medium containing tricaine
(Westerfield, 2000). To visualize reporter gene expression in sections, embryos
were fixed overnight by immersion in 4% paraformaldehyde (PFA) in PBS and
kept at 4 °C. The next day, fixed embryos were embedded in gelatin (Mastick et
al., 1997) and cryosectioned at 12 μm or 14 μm thickness; this method did not
affect either EGFP or DsRed fluorescence.
Whole-mount mRNA in situ hybridization and immunocytochemistry
Whole-mount mRNA in situ hybridization was performed as described in
Hargrave and Koopman (2000) except that the blocking solution contained 1%
BSA instead of 2% and the post-antibody washes contained 0.5% BSA instead
of 0.1%. Sense and antisense digoxigenin-labeled RNA probes were synthesized
as described in Jowett and Lettice (1994) from the pPAX[zf-a] Pax6a cDNA
clone (clone zf27; gift of A. Fjose, University of Tromso, Norway; Krauss et al.,
1991). Hybridization and post hybridization wash steps were performed at
65 °C. Dig-labeled probes were detected using α-digoxigenin-AP (Roche) and
NBT/BCIP substrate. After color development, embryos were postfixed in 4%
paraformaldehyde/PBS at 4 °C and cleared in 70% glycerol/PBS.
Immunostaining was performed on frozen sections prepared from embryos
embedded and sectioned in gelatin (Mastick et al., 1997). Sections were blocked
for 2 h in 4%milk/TST (10 mMTris–HCl, pH 7.4; 150 mMNaCl; 0.1% Tween-
20) and then incubated overnight at room temperature with the primary antibody
(see below). After removal of the primary antibody, the sections were washed
several times in TST and then incubated for 30 min with the appropriate
biotinylated secondary antibody (Jackson ImmunoResearch; 111-065-144, 715-
065-150) at a 1:50 dilution followed by either Cy2, Cy3-, or Cy5-conjugated to
streptavidin (Jackson ImmunoResearch; 016-220-084, 016-170-084) at a 1:100
dilution for 30 min. After a final wash, VECTASHIELD (Vector) mounting
medium was placed on the slides, and coverslips were applied. Nuclei were
labeled using Hoechst 33342 (Sigma, B-2261). Specific signals were visualized
using either standard fluorescence microscopy or laser scanning confocal
microscopy. The following primary antibodies were used for immunohisto-
chemistry: anti-Pax6 (Serum 11 and Serum 14, gifts of Dr. S. Saule; 1:1000);
anti-Pax6 (C-terminal amino acids, gift of Dr. G. Mastick; 1:1000); anti-Prox1
(1:1000, Chemicon, AB5475); anti-Chx-10 (1:1000, Exalpha Biologicals,
x1180P); anti-DSR (1:1000, Clontech, 8374-1); anti-glutamic acid decarbox-
ylase (1:75; Developmental Studies Hybridoma Bank, GAD-6); anti-GFP-Alexa
Fluor488 (1:200, Molecular probes, A-21311); anti-glycine transporter 1
(1:1000; Chemicon, AB1770); anti-Syntaxin (1:2000; Sigma, SO664). In
double or triple stains in the mouse retina, DsRed protein was visualized using
anti-rabbit Alexa Fluor594 (1:200, Molecular Probes, A11072).
Transcript analysis
Alternative Pax6a transcripts were analyzed by cDNA library screen. Full-
length Pax6a transcripts were identified by screening a zebrafish cDNA eye
library, which was prepared from 4–5 day old larvae, at high-stringency
(Sambrook and Russell, 2001) using a 32P-labeled EcoRI fragment of the pPAX
[zf-a] Pax6a cDNA, which encompasses exons 5–13. Twenty-three full-length
clones were recovered and sequenced.
Transcripts from the BAC transgene were analyzed by RT-PCR. Total
RNA was prepared from transiently transgenic zebrafish embryos at 3 dpf
using TRIzol reagent (GibcoBRL). RNA was reverse transcribed using the
iScript cDNA Synthesis Kit (Bio-Rad Laboratories) following the manufac-
turer's recommended conditions. To assess transcript structure, RT-PCR was
performed using the primer pairs listed in Table S1. To test for long
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We have previously shown that these conditions are sufficient to detect
transcripts of ∼4 kb in length (Lauderdale et al., 2000).
Generation of BAC transgenic mice
Transgenic mice were generated from pronuclear injection of closed circular
BAC DNA into fertilized mouse oocytes (Copeland et al., 2001; Gong et al.,
2002, 2003). Mice carrying the BAC transgene were genotyped by PCR using
tail DNA and primers to detect the EGFP reporter cassette (forward primer,
located in the Pax6a intron 5′ of exon 4, 5′-CTGGACATAAGTGTATTTGTG-
GAG-3′; reverse primer, located in EGFP, 5′-CGCACCATCTTCTTCAAGG-
3′; the PCR product is 559 bp) or DsRed reporter cassette (forward primer,
5′-TCATCGGCGTGAACTTCC-3′; reverse primer, 5′-GTTTCAGGTTCAGG-
GGGAG-3′; the PCR product is 551 bp). Two out of twelve pups derived from
pronuclear injection harbored the BAC transgene. F1 founders were generated by
crossing founder males to CD-1 mice (Charles River Laboratories). These lines
are being maintained in the CD-1 background.
Analysis of transgene expression in whole mouse embryos
Mouse embryos were obtained from our breeding colony, with noon on the
day of plug discovery designated as day 0.5 (E0.5). The pregnant females were
killed using CO2, and the uteri were washed in ice-cold phosphate-buffered
saline (PBS). The embryos were dissected free and placed in ice-cold PBS. GFP
expression was assessed in live embryos by fluorescence microscopy using a
Zeiss Stemi SV11 Apo dissecting microscope fitted for epifluorescence and
documented using a Zeiss AxioCam digital camera or 35 mm SLR camera. All
embryos were then fixed by immersion in 4% paraformaldehyde/PBS at 4 °C.
Embryos that were to be used for immunohistochemistry were kept in fixative for
up to 2 weeks at 4 °C. The genotype of each embryo was determined by PCR (Xu
et al., 1997), using tail or extra-embryonic membrane DNA (Laird et al., 1991).Fig. 1. Genomic organization and transcript analysis of the zebrafish Pax6a gene. (
locations of transcript initiation and direction of transcription. Boxes denote exons. S
reported to be coding in Astyanax fasciatus (Behrens et al., 1997), the use of an a
transcripts identified to date (Lauderdale, unpublished). However, it is possible that
(B) All P0- or P1-initiated transcripts spliced into exon 4. These transcripts encode pa
exon 4 denotes two ATGs, which are adjacent. Exon 1′ contains exon 1, the region bet
less Pax6; translation is expected to begin in exon 7. The ATG in exon 7 denotes thre
There are no other ATGs located between exon 4 and 7. Five of six Palpha-initiated tran
exons alpha and 5a, which is denoted using asterisks (*).Results
Organization and transcription of the Pax6a gene
The zebrafish Pax6a gene has 17 exons distributed over
∼21 kb region of chromosome 25 (Fig. 1A). In addition to
exons 0 through 13, there are also exons alpha, 4a and 5a.
Transcript analysis, using mixed stage embryos, revealed that
Pax6a transcription initiates from three promoters, designated
as P0, P1, and Palpha (Figs. 1B, C). P0 and P1 are located 5′ to
exons 0 and 1, respectively. Palpha is located 5′ to the alpha
exon, which is located between exons 4a and 5. P0 and P1
constitute the major promoters, and initiate expression in most
cell-types that express Pax6a (data not shown). Whereas
P0- and P1-initiated transcripts encode a Pax6 protein that
includes the paired-domain, homeodomain, and PST domain
(Fig. 1B) (Mikkola et al., 2001; Nornes et al., 1998), Palpha-
initiated transcripts are predicted to encode a Pax6 protein that
includes the homeodomain and PST domain, but lacks the paired
domain (Fig. 1C) (Kammandel et al., 1999; Mishra et al., 2002).
BAC targeting strategy to visualize different Pax6a transcripts
Because paired-containing and paired-less isoforms of Pax6
may have different roles in the developing vertebrate (Haubst et
al., 2004; Kim and Lauderdale, 2006; Mikkola et al., 2001), we
wanted to examine the spatiotemporal pattern of P0- and P1-A) Physical map of the zebrafish Pax6a transcript unit. Bent arrows denote the
haded exons are coding; unshaded exons are non-coding. Although exon 4a is
lternative splice site renders this exon noncoding in all of the zebrafish Pax6a
Pax6a transcripts exist in which this exon is coding. (B, C) Transcript analysis.
ired-containing Pax6. Translation can initiate in either exon 2 or 4. The ATG in
ween exons 1 and 2, and exon 2. (C) Palpha-initiated transcripts encode for paired-
e evolutionarily conserved ATGs that could be used for initiation of translation.
scripts contained exon 5a; one of these contained alternative splice sites for both
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during zebrafish development. In order to visualize sites of
(P0+P1)-initiated transcription compared to Palpha-initiated tran-
scription, we introduced two reporter genes into a bacterial
artificial chromosome (BAC) that encompassed the Pax6a
transcript unit (Fig. 2A). To visualize P0- and P1-initiated
expression, we inserted an enhanced green fluorescent protein
reporter cassette (EGFP-pA) in-frame with the second ATG of
Pax6a exon 4 (Fig. 2B, Fig. S1). Unlike mammals or birds,
where the initiator ATG of paired-containing Pax6 is in exon 4,
ray-finned fish can initiate translation of paired-containing Pax6
in either exon 2 or exon 4 (Behrens et al., 1997; Krauss et al.,
1991;Miles et al., 1998; Nornes et al., 1998; Puschel et al., 1992).
Placement of EGFP in exon 4 was expected to report most, if not
all, transcripts that initiated from either P0 or P1 (Fig. 1C). To
visualize Palpha-initiated transcripts, we inserted a Discosoma red
fluorescent protein reporter cassette (DsRed-pA) in-frame with
the ATG of Pax6a exon 8 (Fig. 2B, Fig. S1). Because the EGFP
reporter cassette was expected to terminate P0 and P1-initiated
transcripts, the placement of DsRed was expected to report most,
if not all, transcripts that initiated from Palpha (Fig. 2C).Fig. 2. Structure and transcript analysis of the zebrafish Pax6a dual-reporter BA
showing the location of the Pax6a transcript unit within the BAC. Black boxes
zebrafish Pax6a BAC was modified by insertion of an enhanced green fluore
conserved ATG in exon 4. A Discosoma red fluorescent protein reporter casse
(C) Whereas transcripts that initiate from the P0 and P1 promoters encode for EGFP
the BAC transgene. RNA was prepared from 3-day old embryos transiently transge
1 (e1) or exon 2 (e2) also included EGFP, but not DsRed. Transcripts with exons
transcripts contained DsRed.We confirmed these predictions by RT-PCR (Fig. 2D). Total
RNAwas prepared from embryos transiently transgenic for the
dual-reporter BAC at 3 dpf, and PCR analyses performed using
primers directed towards Pax6a exons 1 (e1), 2 (e2), alpha, 5
(e5), 6 (e6), and 7 (e7), and also towards EGFP and DsRed. As
expected, transcripts from the BAC that contained exons 1 and/
or 2 also contained EGFP, but not DsRed (Fig. 2D). Similarly
transcripts that contained exons alpha, 5, 6, or 7 also contained
DsRed but not EGFP (Fig. 2D and data not shown). No read-
through transcripts containing EGFP and downstream exons
were detected (Fig. 2D and data not shown). These data
demonstrate that in the BAC transgene P0- and P1-initiated
transcripts contain EGFP (but not DsRed), and Palpha-initiated
transcripts contain DsRed.
EGFP expression replicates the Pax6a pattern in developing
zebrafish embryos
To assess if the BAC reporter transgene replicated Pax6a
expression, we generated transiently transgenic zebrafish by
microinjection of the transgene into early 1-cell embryos. WeC transgene. (A) Schematic representation of zebrafish BAC DKEY-46C10
denote exons, and bent arrows denote promoters P0, P1, and Palpha. (B) The
scent protein reporter cassette (EGFP pA) in-frame with the evolutionarily
tte (DsRed-pA) was inserted in-frame into the conserved ATG in exon 8.
, Palpha-initiated transcripts encode for DsRed. (D) Analysis of transcripts from
nic for the dual-reporter BAC and analyzed by RT-PCR. Transcripts with exon
alpha, 5 (e5), 6 (e6), or 7 (e7) also included DsRed. No P1- or P0-initiated
Table 1
Sites of reporter gene expression in transiently transgenic zebrafish embryos at different developmental times
Days post-fertilization
1.0 1.5 2.0 2.5 3.0 4.0 5.0
EGFP DsRed EGFP DsRed EGFP DsRed EGFP DsRed EGFP DsRed EGFP DsRed EGFP DsRed
Brain + − + − + − + − + − + − + −
Spinal cord + − + − + − + − + − +/− − +/− −
Eye + − + − + − + + + + + + + +
N=26 transiently transgenic zebrafish embryos that were followed from the 1 cell stage to 5 dpf. These representative embryos were drawn from different sets of
embryos injected with the BAC transgene. +/−, both fluorescent intensity and numbers of cells decreasing.
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for the first five days of development (Table 1; Figs. 3, 4).
Although expression was mosaic, the over-all pattern wasFig. 3. EGFP is expressed in a Pax6a-like pattern in developing zebrafish. (A, C, E) P
F) Transgene expression visualized by EGFP fluorescence. EGFP was expressed b
DKEYP-46C10 is sufficient to recapitulate the Pax6a expression pattern in all regiocomparable to that observed for the endogenous Pax6a gene
(compare Fig. 3B to A). EGFP was expressed by cells in
Pax6a-expression domains in the developing forebrain, hind-ax6a expression visualized by whole-mount mRNA in situ hybridization. (B, D,
y cells within domains of Pax6a expression. These results suggest that BAC
ns of the developing zebrafish.
Fig. 4. DsRed expression is restricted to the developing zebrafish eye. (A) Live
zebrafish embryo at 3-days post fertilization (dpf) transiently transgenic for the
dual-reporter Pax6a BAC. In this embryo, cells in the eye, diencephalon,
hindbrain, and spinal cord express EGFP (B), but only cells in the eye express
DsRed (C). DsRed expression in the eye was typically first detected between 2.0
and 2.5 dpf.
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A) and 2 dpf (compare Figs. 3D to C). By 4 dpf, EGFP
expression was mostly restricted to the developing eye and
groups of neurons in the telencephalon and diencephalon
(Figs. 3F, 4B), comparable to that of Pax6a (Fig. 3E). These
results suggested that the BAC transgene contained most, if
not all, of the regulatory elements required to replicate Pax6a
transcription. Additionally, these results are consistent with
our transcript analysis, which indicated that the P0- and P1-
promoters initiate expression in most cell-types that express
Pax6a.
EGFP is expressed by multiple cell types in the developing
retina in zebrafish
To determine which cells in the developing zebrafish eye
expressed EGFP, we examined EGFP expression in cryosec-
tions cut through the eye at different stages of development(Table 3; Fig. 5). Multiple cell types in the developing retina
expressed EGFP, including retinal precursor cells (Figs. 5A,
B, and data not shown), retinal ganglion cells (Figs. 5C, D),
amacrine cells (Figs. 5B–D), and putative horizontal cells
(“hc” in Fig. 5C). EGFP expression in the axons of retinal
ganglion cells was visible within the optic nerve (Fig. 5C). To
directly compare cells expressing EGFP with those expressing
Pax6, sections cut through the eyes of transiently transgenic
embryos at 2 or 3 dpf were immunolabeled for Pax6 using an
antiserum directed towards the C-terminal 17 amino acids of
Pax6. This antibody detects most, if not all, Pax6 isoforms in
the zebrafish (data not shown). Direct comparison of EGFP-
expression with Pax6 revealed coincident expression in retinal
precursor cells (RPCs), retinal ganglion cells (RGCs),
amacrine cells, and horizontal cells. These results indicate
that the zebrafish Pax6a BAC transgene was sufficient to
replicate P0- and/or P1-initiated Pax6a transcription in these
cells in the developing zebrafish retina. However, because
these analyses were performed in transiently transgenic
embryos, it was not possible to determine if the transgene
could be expressed by all of the cells that normally express
Pax6.
EGFP expression was also occasionally observed in puta-
tive Müller glia cells (“m” in Fig. 5D) and putative bipolar
cells (data not shown) at 3–4 dpf; however, it was unclear if
these cells coexpressed Pax6. Although Pax6 is not generally
thought to be expressed in these cells, irregular weak Pax6
expression has been reported to occur in the Müller-bipolar
region of the inner nuclear layer in the developing chick retina
(Adler, 1998). Thus, it was possible that transgene expression
in these cells did in fact reflect continued (weak) Pax6
expression. Alternatively, given the speed at which the
zebrafish retina develops, the EGFP in these cells could result
from EGFP perdurance as a consequence of transgene
expression in the RPCs that gave rise to these Müller glia or
bipolar cells. Lastly, this expression could represent ectopic
activity of the transgene; however, this BAC does not exhibit
appreciable ectopic expression elsewhere in the embryo
(Fig. 3, Fig. S2).
DsRed is expressed by amacrine cells in transiently transgenic
zebrafish
In contrast with EGFP, DsRed fluorescence was only
detected in the developing eye (Tables 1, 2; Fig. 4B).
Embryos that exhibited EGFP expression in the eye,
telencephalon, diencephalon, hindbrain, and spinal cord at
1 dpf were followed through 5 dpf (Table 1). In these
animals, DsRed-expressing cells were typically first detected
between 2.0 and 2.5 dpf and only in the eye (Tables 1, 2; Fig.
3C). No DsRed-expressing cells were observed in other parts
of the embryo (Tables 1, 2; Fig. 3C). In order to detect even
very low levels of the reporter gene products, we confirmed
sites of expression by indirect immunofluorescence using
antibodies to EGFP and DsRed, respectively. There was
complete concordance between EGFP or DsRed fluorescence
and protein expression (data not shown). To determine which
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location of DsRed fluorescence in sections cut through the
eyes at different stages of development (Fig. 5). At 1 dpf, justFig. 5. Amacrine cells in the developing zebrafish retina express DsRed. Section
development. (A) At 28 hpf EGFP, but not DsRed, is expressed by retinal progenitor c
and hindbrain (*). Inset: lateral view of a 28 hpf embryo showing the plane of sec
differentiation (50 hpf), a subset of EGFP-expressing cells begin expressing DsRed (ar
EGFP, only amacrine cells appeared to express DsRed. EGFP expression in retinal ga
D are labeled (blue) with Hoechst. (E–H) Sections cut through the eye from four diffe
DsRed is expressed by displaced amacrines (arrows), which have cell bodies in the G
(H) DsRed-expressing cells (red) coexpress syntaxin (immunostained in blue), whic
hindbrain; ln, lens; nr, neural retina.prior to the appearance of the first post-mitotic cells (Hu and
Easter, 1999), EGFP but not DsRed, was expressed in the
RPCs (data not shown). The first DsRed-expressing cellss cut through the eye of transiently transgenic embryos at different stages of
ells (arrowheads). EGFP-expressing cells are also visible in the diencephalon (di)
tion. Rostral is left and dorsal is up. (B) Starting at the time of amacrine cell
rows). (C, D)Whereas differentiating cells in the ONL, INL, and GCL expressed
nglion cell axons was visible within the optic nerve by 72 hpf (on). Cell nuclei in
rent transiently transgenic embryos that were allowed to develop to 72 hpf. (E, F)
CL. (G) DsRed-expressing cells (red) coexpress Pax6 (immunostained in green).
h is expressed in the dendritic processes and perikarya of all amacrine cells. hb,
Table 2
Sites of reporter expression in sections cut from zebrafish embryos at 3 dpf
EGFP positive cells DsRed positive cells
Brain 176 0
Spinal cord 266 0
Retina 341 155
Lens 90 0
Cell counts based on sections cut through eight representative transiently
transgenic zebrafish embryos.
Table 3
Sites of reporter gene expression in the zebrafish eye at 3 dpf
EGFP positive cells DsRed positive cells
Outer nuclear layer 2 0
Inner nuclear layer 160 152
Ganglion cell layer 179 3†
Cell counts based on sections cut through the eyes of eight representative
transiently transgenic zebrafish embryos. †Displaced amacrines.
506 J. Lakowski et al. / Developmental Biology 307 (2007) 498–520were observed between 2 and 2.5 dpf (Fig. 5B, Table 1), and
were most often located in the inner nuclear layer (Figs. 5C′,
D′, G, H, Table 3). However, DsRed+ cells were occasionally
located in the GCL (Figs. 5E, F, Table 3). In both cases, these
cells sent projections into the inner plexiform layer (Figs. 5C′,
D′, E–H), suggesting that they were amacrine cells. Con-
sistent with this, the onset of DsRed expression was
coincident with the appearance of amacrine cell population,
which starts forming at 50 hpf (Schmitt and Dowling, 1999).
Direct comparison of EGFP and DsRed fluorescence revealed
that DsRed-expressing cells always represented a subset of
the EGFP-expressing cell population (Figs. 5C, D). DsRed
expression was never observed in EGFP-negative cells (Figs.
5C, D and data not shown).
To confirm that the DsRed-expressing cells were in fact
amacrine cells, we colabeled the retina with syntaxin, which is
expressed in the dendritic processes and perikarya of all
amacrine cells (Alexiades and Cepko, 1997; Barnstable et al.,
1985). All DsRed+ cells coexpressed syntaxin (Fig. 5H). These
data demonstrated that the DsRed+ cells in the INL were
amacrines. To determine the identity of the DsRed+ cells in the
GCL, we examined the ganglion cell axons in the optic nerve
in both intact embryos and in sectioned material for spectral
overlap of GFP and DsRed. Although the GCL contains the
soma of both RGCs and displaced amacrines, only the RGCs
project axons to the brain. Whereas EGFP expression in the
RGC axons was evident in the optic nerve (e.g. Fig. 5C), these
axons did not express DsRed (data not shown), which
suggested that the DsRed+ cells in the GCL were displaced
amacrines. We confirmed by immunohistochemistry that
RGCs did not express DsRed (data not shown). TogetherFig. 6. Comparison of mouse and zebrafish Pax6 transcript units. (A) Physical maps o
antisense orientation relative to each other, and zebrafish chromosome 25 showing th
regulatory elements are located within Elp4 introns; therefore, the Elp4 gene is often
and Lauderdale, 2006; Kleinjan et al., 2001, 2006). Because Elp4 has not been cons
high-degree of conservation with selected regulatory regions from mice are indicated.
the zebrafish Pax6a locus is more compact. In addition to regulatory regions 5′ and
conserved with the C1170, EI, and HS234 3′ Pax6 regulatory regions identified in hu
zebrafish Pax6a BAC46C10, the genomic sequence from this BAC (AL929172) was
(Al512589, AL590380), Fugu (AL021531), and zebrafish Pax6b (AC127461, BX957
was used as the base sequence. Colored peaks represent regions of sequence conserv
exons are shaded in blue. No appreciable sequence similarity was observed 5′ to a con
Lauderdale, 2006). Enhancer regions identified by transgenic analysis in mammals ar
reporter construct are as follows: p, pancreas; se, lens, cornea, lacrimal gland, and
mitotic, non-terminally differentiated neurons; α-en, amacrine cells, iris, ciliary bo
C1170, pretectum, neural retina, and olfactory region; EI, lens, diencephalon, and
Kammandel et al., 1999; Kleinjan et al., 2001, 2004; Williams et al., 1998; Xu et al
conserved E-box (Morgan, 2004).these data indicated that amacrine cells in the developing
zebrafish retina expressed DsRed. However, because these
analyses were performed in transiently transgenic embryos, it
was possible to miss small populations of other cells that
normally express paired-less Pax6a transcripts in the develop-
ing zebrafish retina.
Putative eye regulatory regions are conserved between
Zebrafish Pax6a and mouse Pax6
We next wanted to test whether Pax6ΔPD was expressed by
all amacrine cells or by a specific population of amacrine cells.
However, this type of analysis is best done in a transgenic line
rather than in transiently transgenic animals. Because it is
relatively easier to generate BAC-transgenic mice as opposed
to BAC-transgenic fish, we chose to do this experiment in
mice.
Prior to generating transgenic mice, we first evaluated the
degree of conservation between the genomic sequence of the
zebrafish Pax6a BAC with that of the Pax6 gene in mice
(Fig. 6). In mammals, the regulatory regions controlling
transcription of the Pax6 gene are dispersed over an ∼200 kb
region, and are located 5′, internal, and 3′ to the Pax6 gene
(Griffin et al., 2002; Kammandel et al., 1999; Kim and
Lauderdale, 2006; Kleinjan et al., 2001, 2004, 2006; Williams
et al., 1998; Xu et al., 1999). The 3′ Pax6 regulatory elements
are located in the introns of a second gene, Elp4, which is
located 3′ to Pax6 and is arranged in antisense orientation
(Fig. 6) (Kleinjan et al., 2002). Although Elp4 has a similar
arrangement in Fugu (Miles et al., 1998) and for zebrafish
Pax6b (Fig. 6B), this gene is not associated with zebrafish
Pax6a (Fig. 6B). To identify putative regulatory regionsf mouse chromosome 2 showing the locations of Pax6 and Elp4, which are in an
e locations of Pax6a and zebrafish BAC DKEYP 46C10. In mammals, 3′ Pax6
used to provide reference points between genomes (e.g. Griffin et al., 2002; Kim
erved on zebrafish chromosome 25, the positions of zebrafish sequences with a
Comparison of homologous sequences between mice and zebrafish revealed that
internal to the Pax6 transcript unit, zebrafish BAC 46C10 includes sequences
mans and mice (see below). (B) To identify putative regulatory sequences within
compared to that from human (Z83308, AC131571, Z86001, AL136384), mouse
347) using MLAGAN and displayed using VISTA (Brudno et al., 2003). Human
ation above 50% over at least 40 bp. Noncoding sequences are shaded in pink;
served CpG island, which is differentially methylated in mammals (¥) (Kim and
e shown as red ovals. The regions in which each enhancer directs expression of a
conjunctiva; tel-hb-sc, telencephalon, hindbrain, and spinal cord; NTDP, post-
dy, and RPE; intron-7, diencephalon, hindbrain, and in late eye development;
hindbrain; and HS234, neural retina, RPE, and nasal pits (Griffin et al., 2002;
., 1999). The asterisk in the tel-hb-sc enhancer region denotes the location of a
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compared the sequence of this BAC to the genomic sequences
of human, mouse, Fugu, and zebrafish Pax6b (Fig. 6). Weincluded Pax6b in this analysis because it was possible that
Pax6 regulatory elements had been partitioned between
Pax6a and Pax6b in zebrafish. Conserved sequences were
508 J. Lakowski et al. / Developmental Biology 307 (2007) 498–520identified using the multi-LAGAN computer program
(Brudno et al., 2003) and displayed using the VISTA
computer program (Dubchak et al., 2000; Frazer et al.,
2004; Mayor et al., 2000). Although the Pax6a BAC extends
N80 kb 5′ of the Pax6 gene (Fig. 6A), no appreciable
sequence similarity was observed in the region 5′ to a
conserved CpG island that is differentially methylated in
mammals (Kim and Lauderdale, 2006). However, starting
with this CpG island, evolutionarily conserved noncoding
sequences were detected within and 3′ to the Pax6a transcript
unit (Fig. 6B). Several of these sequences mapped to regions
implicated in regulating mammalian Pax6 expression in the
eye (Fig. 6B), and included the 3′ human Pax6 regulatory
regions designated as C1170, EI, and HS234 (Griffin et al.,
2002; Kleinjan et al., 2001, 2006; Tyas et al., 2006). Together
these results strongly suggested that the zebrafish Pax6a BAC
transgene would exhibit regulated expression in the mouse
eye.Fig. 7. Zebrafish Pax6a P0/P1 promoters are active in Pax6-expressing cells in the dev
at E10.5 (A–C), E13.5 (D–F), or E17.5 (G–I). Both EGFP (A, D, G) and endogenou
Pax6, red). (C, F, I) Merged images. EGFP and Pax6 are coexpressed in cells in the neu
(D–F) and E17.5 (G–I), EGFP was more strongly expressed in putative differentiatin
in retinal ganglion cell axons is visible within the optic nerve (on). Arrowheads in D–
Scale bars=25 μm; bar in panel A applies to panels B–C; bar in panel D applies toZebrafish Pax6a P0/P1 promoters are active in the mouse
retina
To directly test if the mechanisms controlling zebrafish
Pax6a expression in the eye were conserved between
zebrafish and mouse, we generated mice transgenic for the
zebrafish Pax6a BAC reporter transgene. For these experi-
ments, we assessed transgene expression in cryosections cut
from the mouse retina at different developmental times (Fig.
7) and also from adults (Figs. 8–11). Like zebrafish, EGFP
was expressed in the early neural retina (Fig. 7A). To directly
compare cells expressing EGFP with those expressing mouse
Pax6, sections were immunolabeled in red for Pax6 using an
α-Pax6 antiserum (Fig. 7B). Pax6 protein is nuclear but
EGFP is predominantly cytoplasmic. Consequently, at high
magnification double-labeled cells contained red nuclei sur-
rounded by green cytoplasm. In contrast with the zebrafish,
we were unable to visualize DsRed fluorescence in mice (dataeloping mouse retina. Sections cut through the eyes of transgenic mouse embryos
s Pax6 (B, E, H) were visualized by indirect immunofluorescence (EGFP, green;
ral retina (nr). At E10.5, EGFP expression replicated mouse Pax6. At both E13.5
g neurons (arrowheads) than in neuroepithelial cells. At E13.5 EGFP expression
F denote ganglion cells with axonal projections into the developing optic nerve.
panels E–I.
Fig. 8. Zebrafish Pax6a P0/P1 promoters are active in Pax6-expressing cells in the adult mouse retina. (A–B) EGFP from the zebrafish Pax6a BAC transgene is
expressed by cells in the inner nuclear layer (INL) and ganglion cell layer (GCL). (A) EGFP+ radial processes also span the outer nuclear layer (ONL) and end at the
outer limiting membrane (arrow). This suggests that Müller glia express the zebrafish Pax6a BAC transgene. (B–D) Direct comparison of EGFP and Pax6 expression
in the adult mouse retina revealed that most, if not all, Pax6+ cells coexpressed EGFP; however, a few EGFP+ cells did not express Pax6 (arrowheads). The ectopic
expression in these cells is most likely due to either species differences in expression or misregulation of the zebrafish Pax6aBAC transgene in mice. Scale bar in panel
B applies to panels C–D.
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as Pax6, using red fluorescence. However, we are able to
detect DsRed by indirect immunofluorescence (see below and
also Materials and methods). Comparison with endogenous
Pax6 protein (Fig. 7B) revealed that most, if not all, Pax6+
cells in the E10.5 retina also expressed EGFP (Fig. 7C). At
both E13.5 (Figs. 7D–F) and E17.5 (Figs. 7G–I), EGFP
appeared to be expressed at two different levels in the retina.
Lower levels of expression were observed in the neuroe-
pithelial cells in the retinal ventricular zone, and higher levels
of expression were observed in putative differentiating cells.
At E13.5 EGFP expression in RGC axons was visible within
the optic nerve (Figs. 7D, F). At E17.5 EGFP was strongly
expressed by cells in the developing inner nuclear and RGC
layers (Figs. 7G, I). Comparison with endogenous Pax6
revealed concordant expression at both E13.5 (Figs. 7D–F)
and E17.5 (Figs. 7G–I). Together, these data indicate that the
mechanisms controlling Pax6 expression in retinal neuroe-
pithelial cells have been conserved between the zebrafish
Pax6a gene and mouse Pax6, and that a second conserved
mechanism acts to increase Pax6 transcription in at least
some differentiating neurons.
In the adult retina, EGFP was strongly expressed by cells in
the inner nuclear and ganglion cell layers, and also within
neurites in the OPL and IPL (Figs. 8A–B). The INL is populated
by amacrine, horizontal and bipolar cells, and contains the nucleiof Müller glia (Dowling, 1987). Both amacrine and ganglion
cells populate the GCL (Drager and Olsen, 1981; Jeon et al.,
1998; Perry, 1981). Based on the morphologies and locations of
the EGFP-expressing cells, it was clear that the P0/P1 promoters
from the zebrafish Pax6a transgene were active in at least some
amacrine cells, horizontal cells, and RGCs. In the case of RGCs,
EGFP expression in RGC axons was visible in the optic nerve
(data not shown; see Fig. 7D for optic nerve expression in
developing retina). Additionally, a number of EGFP-expressing
cells morphologically resembled Müller glia (Fig. 8A, and data
not shown). These cells, whose nuclei were located in the middle
of the INL, contained processes that spanned the radial
dimension of the retina and ended at the outer limiting
membrane (arrow, Fig. 8A). Because we could not unambigu-
ously identify endfeet at the vitreal surface for all of these cells, it
is also possible that EGFP was expressed in bipolar cells that
contained ascending processes.
We next directly compared cells expressing EGFP with those
expressing Pax6 in the adult retina (Figs. 8B–D). In adults,
Pax6 protein is strongly expressed in ganglion, amacrine, and
horizontal cells (Fig. 8C) (Belecky-Adams et al., 1997;
Hitchcock et al., 1996). Because EGFP expression represented
transcripts encoding paired-containing Pax6, sections were
immunolabeled in red for paired-containing Pax6 using an
antiserum that recognized the paired-domain (serum 11;
Carriere et al., 1993). Most, if not all cells, that expressed
Fig. 9. Paired-containing and paired-less transcripts from the zebrafish Pax6a BAC transgene are differentially expressed by amacrine cells in the adult mouse retina.
(A, B, D) A subset of EGFP-expressing cells in the adult mouse retina coexpress DsRed. Colabeling with syntaxin (C, D) reveals three populations of amacrine cells:
syntaxin+/EGFP−/DsRed− (blue cells in panel D), syntaxin+/EGFP+/DsRed− (arrowheads) and syntaxin+/EGFP+/DsRed+ (arrows). DsRed-expressing amacrine cells
tend to project neurites to the middle strata of the IPL. Strata divisions were determined based on work by Masland and co-workers (Masland, 2001, 2004). Asterisks
denote non-specific staining from a secondary antibody needed for these triple-label experiments. Scale bar in panel A applies to all panels.
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Although it is possible that there were cells in the INL that
expressed Pax6 but not EGFP, we did not find any unambiguous
examples in these coimmunolabeling experiments. However,
we did find examples of cells in the INL that expressed EGFP
but did not appear to immunolabel for paired-containing Pax6
(arrowheads, Figs. 8B–D). Because it was possible that these
cells preferentially expressed Pax6ΔPD, which would not be
detected by serum 11, we repeated the experiment using Pax6
antibodies that recognize all Pax6 isoforms, with similar results.
Thus, although these results confirm our initial impression that
EGFP from the zebrafish Pax6a BAC transgene is expressed in
ganglion, amacrine, and horizontal cells in mouse, they also
indicate that the zebrafish Pax6a BAC transgene is ectopically
expressed in a discrete population of cells in the mouse retina.
The ectopic expression in these cells is most likely due to either
species differences in expression or misregulation of the
zebrafish Pax6a BAC transgene in mice. Alternatively,
transgene expression in these cells may reflect low levels of
Pax6 expression, which cannot be easily detected using our
Pax6 antibodies. Nevertheless, the fact that EGFP expression
accurately replicated Pax6 expression in most cells in the adult
mouse retina suggested that at least some of the mechanisms
controlling P0/P1-initiated Pax6 transcription in the adult retina
have been conserved between teleost and mammals.A subset of amacrine cells in the adult mouse retina express
Pax6a Palpha-initiated transcripts
We next examined if the zebrafish Pax6a Palpha promoter
was active in the adult mouse retina. Because we were unable to
visualize red fluorescent protein fluorescence in mice, we
visualized DsRed using an antibody to this protein. Like
zebrafish, cells in both the INL and GCL expressed DsRed (Fig.
9B, Fig. S3). Comparison with EGFP expression revealed that
most, if not all, DsRed-expressing cells also expressed EGFP
(Fig. 9D, Fig. S3). Conversely not all EGFP-expressing cells
coexpressed DsRed (Fig. 9D, arrowheads in Fig. S3). Notably,
both horizontal and ganglion cells expressed EGFP but not
DsRed. These results indicate that the zebrafish Palpha promoter
is regulated differently than the P0/P1 promoters in mice as in
zebrafish.
We next tested if amacrine cells expressed DsRed.
Amacrine cells are located in both the INL and also in the
GCL, where they are termed displaced amacrines. In normal
mice, displaced amacrines constitute 59% of the cells in the
RGC layer (Drager and Olsen, 1981; Jeon et al., 1998; Perry,
1981). Amacrines in both the INL and GCL express syntaxin
(Fig. 9C) (Alexiades and Cepko, 1997; Barnstable et al.,
1985). As expected the majority of DsRed+ cells in the retina
coexpressed syntaxin (Figs. 9B–D) and were, therefore,
511J. Lakowski et al. / Developmental Biology 307 (2007) 498–520amacrine cells. Interestingly, only a subset of syntaxin+ cells
coexpressed DsRed, and the neurites from these cells tended to
be localized to the middle of the IPL (Fig. 9D, arrow in Fig.
S3). When EGFP expression was added to the comparison, we
identified three distinct populations of syntaxin-expressing
cells: those that expressed EGFP (arrowheads in Fig. 9), those
that coexpressed EGFP and DsRed (arrows in Fig. 9), and
those that did not express either EGFP or DsRed (blue cells in
Fig. 9D). Although this latter result was unexpected because,
as described above, EGFP and Pax6 appeared to be
coexpressed in the adult mouse retina, it showed that there
was a population of amacrine cells that did not express the
zebrafish Pax6a BAC transgene. Importantly, these data also
indicated that the zebrafish Pax6a Palpha promoter was active
in a specific group of amacrine cells.
Amacrine cells can be divided into two large generic cell
groups, those containing GABA (γ-aminobutyric acid) or
glycine, which together comprise about three fourths of the
total population (Haverkamp and Wassle, 2000; Strettoi and
Masland, 1996). To determine the identity of the DsRed-
expressing amacrine cells, we performed immunolabeling for
Gad-6 (glutamic acid decarboxylase) and GlyT1 (glycine
transporter 1), which mainly stain GABAergic and glycinergic
amacrines, respectively, in the inner nuclear layer. Interest-
ingly, while EGFP was expressed in both Gad-6 and Glyt1
positive amacrine cells (arrowheads in Fig. 10), DsRed
expression was restricted to Gad-6 positive cells in the
amacrine population (arrows in Fig. 10). These results suggest
that Pax6a isoforms are differentially expressed between the
two main amacrine groups.
A subset of bipolar cells in the adult mouse retina express
Pax6a Palpha-initiated transcripts
Although the majority of DsRed-expressing cells in the
retina were GABAergic amacrines, we also observed morpho-
logically distinct cells in the INL that expressed DsRed and
EGFP, but not syntaxin (data not shown). These cells often
occurred as pairs, were located in the bipolar region of the INL
(arrows in Figs. 11A–H), and extended processes to both the
OPL and IPL (see left-most cell denoted in Fig. 11F).
Molecularly, these cells coexpressed Chx10 (Figs. 11C, D)
and Prox1 (Figs. 11G, H), both of which are expressed by
bipolar cells in the adult retina (Belecky-Adams et al., 1997;
Chen and Cepko, 2000; Dyer et al., 2003; Liu et al., 1994). The
majority of Chx10 or Prox1 expressing cells do not express the
transgene (Figs. 11D and H, respectively). Although Prox1 is
also expressed by horizontal cells and AII amacrine cells (DyerFig. 10. Zebrafish Pax6a paired-less transcripts are expressed in GABAergic,
but not glycinergic, amacrine cells in the adult mouse retina. (A–E) Comparison
of glycine transporter 1 (GlyT1), DsRed, and EGFP expression by coimmu-
nostaining reveals that GlyT1+ cells express EGFP but not DsRed (arrowheads).
(F–J) Comparison of glutamic acid decarboxylase (GAD), DsRed, and EGFP
expression by coimmunostaining reveals that a population of GAD+ cells
express EGFP and DsRed (arrows). The cell denoted by an arrow with an
asterisk is weakly EGFP+.
Fig. 11. A subset of bipolar cells in the adult mouse retina express the zebrafish Pax6a BAC transgene. (A–D) In addition to being expressed in amacrine cells, DsRed
is also expressed in a small number of morphologically distinct cells in the bipolar region of the INL, which are specifically imaged in this figure (arrows). These cells
also express EGFP (B and D, F and H), Chx10 (C, D), and Prox1 (G, H); Chx10 and Prox1 are both expressed by bipolar cells in the adult retina. However, the majority
of Chx10 or Prox1 expressing cells (blue-labeled cells in D and H, respectively) do not express the transgene. (E–H) Prox1-expressing horizontal cells (hc) coexpress
EGFP, but not DsRed. (I–L) AII amacrine cells coexpress Prox1, GlyT1, and EGFP (arrowheads). Asterisks denote non-specific staining from the secondary used in
this triple-label experiment.
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either of these cell types. Horizontal cells are easily identified
using morphological and molecular criteria. These cells have
relatively large soma and extend projections into the OPL.
Molecularly, they express EGFP, Pax6, and Prox1, but not
Chx10 or DsRed (Fig. 11H and data not shown). Similarly, the
AII amacrine cells can be clearly identified in our transgenic
animals. These neurons express EGFP, syntaxin, Prox1, and
GlyT1, but not DsRed; their cell bodies are located immediately
adjacent to the IPL (Figs. 11I–L, and data not shown). Together,
these results suggest that the zebrafish Pax6a transgene is
expressed in a specific group of bipolar neurons in the adult
mouse retina.
Although we have occasionally observed EGFP expression
in bipolar cells in the developing zebrafish retina, these cells did
not appear to express DsRed. This apparent discrepancy
between zebrafish and mouse could reflect errors in transgene
expression in the mouse. Alternatively, it could reflect diffe-
rences between the developing and adult retina. Because of
limitations with transient transgenics in zebrafish, we were
not able to assess transgene expression in the adult zebrafish
eye.Conservation of putative regulatory elements in the Pax6a
alpha promoter region
Our results indicated that the regulatory mechanisms
controlling Pax6a alpha promoter activity had been largely
conserved between mice and zebrafish. To identify potential
regulatory elements conserved between mice and zebrafish,
we compared the genomic sequence encompassed by
zebrafish Pax6a exons 4 and 5 with the corresponding
genomic sequences from human, mouse, and Fugu (Fig. 12).
This region includes the alpha promoter and exon. Our
analysis revealed two highly conserved noncoding regions,
designated “αCR1” and “αCR2,” respectively, 5′ of the alpha
exon (Fig. 12A). The first region, which has not been
previously described, contains a highly conserved E-box (Fig.
12B) that could serve as a binding site for bHLH transcription
factors involved in cell fate specification in the retina. The
αCR2 sequence (Fig. 12C) corresponds to the Pax6 retinal-
specific enhancer region previously described in mice and
quail (Kammandel et al., 1999; Plaza et al., 1995; Xu et al.,
1999). Sequences corresponding to the four neuroretina-
specific protein-binding sites (designated DF1-DF4) identified
Fig. 12. The zebrafish Pax6a alpha enhancer region is highly conserved. (A) MLAGAN analysis of the alpha enhancer region between human, mouse, Fugu, and
zebrafish Pax6a reveals two regions, denoted αCR1 and αCR2 respectively, that exhibit significant sequence conservation. (B–C) Sequence comparison of the two
highly conserved regions in mouse, human, Fugu, and zebrafish Pax6a. (B) Conserved region 1. The boxed sequence (E-box region) contains potential binding sites
for bHLH transcription factors. (C) Conserved region 2. Sequences corresponding to the four neuroretina-specific protein-binding sites (DF) identified in quail (Plaza
et al., 1995) and a Pax2 binding site (Kammandel et al., 1999) are boxed. DF3 encompasses an Msx1 binding site (Kammandel et al., 1999). Multiple different
neuroretina factors, including Brn3b (Pou4f2), have been shown to bind to DF4 (Plaza et al., 1999a).
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as is a known Pax2 binding site (Kammandel et al., 1999).
The putative Msx1 binding site (CAATTAG; Catron et al.,
1993) in DF3 and all of the sequence within DF4 are
conserved. Multiple different neuroretina factors, including
Brn3b (Pou4f2), have been shown to bind to DF4 (Plaza
et al., 1999a).Discussion
Analysis of alternative Pax6 promoter activity in vivo using a
dual-reporter BAC
The Pax6 gene plays a central role in metazoan eye
development. Null mutations in Pax6 result in a failure in eye
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1994; Glaser et al., 1992, 1994; Hill et al., 1991; Hogan et al.,
1986; Matsuo et al., 1993; Quiring et al., 1994; Ton et al., 1991,
1992), and Pax6 misexpression is sufficient to induce ectopic
eyes in both insects and amphibians (Chow et al., 1999; Halder
et al., 1995; Onuma et al., 2002). Gene inactivation studies in
mice revealed that Pax6 is required for different aspects of
retinal development, including control of cell proliferation
(Marquardt et al., 2001; Philips et al., 2005), maintenance of the
retinogenic potential of RPCs (Marquardt et al., 2001), regu-
lation of the initiation of cell-specific differentiation programs
(Marquardt et al., 2001; Philips et al., 2005), and possible
arealization of the retina (Inoue et al., 2002). Emerging evidence
suggests that these different aspects of Pax6 gene function are
likely to be mediated by different isoforms of the Pax6 protein
(Azuma et al., 2005; Dominguez et al., 2004; Favor et al., 2001;
Haubst et al., 2004); however, relatively little is known about
the spatiotemporal expression of Pax6 isoforms during
retinogenesis.
We report here our analyses of zebrafish and mice transgenic
for a dual-reporter zebrafish Pax6a BAC transgene that
separately reports on Pax6a (P0+P1)-initiated transcripts and
Palpha-initiated transcripts. In both mice (Kammandel et al.,
1999; Kim and Lauderdale, 2006; Xu et al., 1999) and zebrafish
(this study; Lauderdale, unpublished), transcript analysis has
revealed that expression of the different Pax6 isoforms is
governed by both alternative promoter usage and splicing.
However, determining the location and timing of Pax6 isoform
expression in the context of the developing and adult retina is
problematic. Transcripts encoding for Pax6, Pax6(5a), and
Pax6ΔPD are largely identical, which makes it challenging to
distinguish between the different transcripts by mRNA in situ
hybridization. Although it is possible to develop an antibody
that will specifically recognize Pax6(5a), the Pax6ΔPD isoform
is identical to the full length Pax6 protein in all respects except
the paired domain, and thus it is not possible to distinguish
between paired-less and paired-containing Pax6 proteins in
wild-type embryos using immunohistochemistry. Thus, our
dual-reporter approach using a BAC transgene is currently the
most direct way to examine alternative promoter usage in vivo.
Because transcriptional control of Pax6 is complex, the use of
large genomic constructs avoids potential problems associated
with conventional transgenic reporter gene approaches and
permits examination of reporter expression in a genomic-like
context.
Zebrafish was chosen for this study because it has two Pax6
genes, designated Pax6a and Pax6b (Nornes et al., 1998).
These two genes map to different linkage groups (Pax6a, LG25;
Pax6b, LG7) and likely arose from a genome duplication that
occurred after the split between the lineages that gave rise to the
tetrapods and teleost (Christoffels et al., 2004; Postlethwait et
al., 2000; Vandepoele et al., 2004; Woods et al., 2000). The
Pax6 proteins encoded by Pax6a and Pax6b share 95% amino
acid identity (98.8% similarity) over their entire length and both
generate ectopic eyes in Drosophila (Nornes et al., 1998)
suggesting that the two proteins have retained similar bio-
chemical functions. Thus, the duplicated Pax6 loci in zebrafishmay have been retained through partitioning of cis-regulatory
elements (Lynch and Force, 2000). Consistent with this idea, the
expression patterns of Pax6a and Pax6b together in the
zebrafish embryo are similar to the expression pattern of the
single Pax6 gene in a comparably staged mouse embryo
(Majumder, Lakowski, and Lauderdale, unpublished). Thus,
zebrafish Pax6a and Pax6b BAC transgenes could be
exceptionally useful tools for identifying and studying the
functions of different regulatory elements that control the
activities of the different Pax6 promoters in the developing and
adult eye.
Mechanisms controlling Pax6 transcription are highly
conserved
The long-range genomic organization of eukaryotic genes is
often important for their normal expression, and this appears to
be particularly true for the Pax6 gene in mammals. The
mammalian Pax6 transcript unit is complex. It has 16 exons
distributed over ∼30 kb region, and initiates transcription from
three different promoters (Glaser et al., 1992; Kammandel et al.,
1999; Kim and Lauderdale, 2006; Kleinjan et al., 2004; Plaza et
al., 1999b; St-Onge et al., 1997; Williams et al., 1998; Xu et al.,
1999). Transcription appears to be controlled through the
coordinate activity of multiple, widely spaced regulatory
elements, some of which are located N100 kb 3′ to the
promoters (Griffin et al., 2002; Kammandel et al., 1999; Kim
and Lauderdale, 2006; Kleinjan et al., 2001, 2004; Williams et
al., 1998; Xu et al., 1999). We determined that organization and
transcription of the Pax6a gene in zebrafish were comparable to
that of mammals (Figs. 1, 6A). Concordantly, comparative
genomics revealed active conservation of several noncoding
sequences in both mammals and fish (Figs. 6B, 12). The
majority of these mapped to regions previously identified by
transgenic analysis as Pax6 regulatory regions in mammals, and
included 3′ regions critical for Pax6 expression in the eye
(Griffin et al., 2002; Kammandel et al., 1999; Kim and
Lauderdale, 2006; Kleinjan et al., 2001, 2004, 2006; Lauderdale
et al., 2000; Williams et al., 1998; Xu et al., 1999). These results
indicate that, like mammalian Pax6, the long-range genomic
organization of the Pax6a transcript unit in zebrafish is
important for normal gene function.
Normal Pax6 transcription appears to require the coordinated
actions of multiple cis regulatory elements, which are widely
spaced in the Pax6 locus. Although this idea first came from
human aniridia cases in which chromosomal rearrangements
disrupted the region 3′ to PAX6 but spared the PAX6
transcription unit (Fantes et al., 1995; Fukushima et al., 1993;
Kleinjan et al., 2001; Lauderdale et al., 2000; Simola et al.,
1983; Ton et al., 1991), several recent studies have demonstrated
that it is necessary to use large genomic constructs in order to
replicate mammalian Pax6 expression in mice (Kim and
Lauderdale, 2006; Kleinjan et al., 2006; Schedl et al., 1996;
Tyas et al., 2006). In this study, we provide evidence that the
zebrafish Pax6a BAC DKEYP 46C10 is sufficient to recapitu-
late Pax6a expression in the zebrafish. Although small
differences between endogenous Pax6a and transgene
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approach, our results suggest that this BAC contains most, if
not all, of the elements necessary to govern Pax6a expression in
the zebrafish.
One of the main findings of our study is that the mechanisms
controlling Pax6 transcription in the retina are mostly conserved
between teleost and mammals. Although small classic trans-
genes containing different Pax6 regulatory elements from fish
have been shown to exhibit activity in mice (Griffin et al., 2002;
Kammandel et al., 1999), it was unclear if the Pax6 transcript
unit from fish would exhibit regulated expression in the
mammal. Remarkably, the zebrafish Pax6a BAC transgene
exhibited largely comparable patterns of expression in both the
zebrafish and mouse retina, even though mammals and teleosts
diverged ∼430 Myr ago (Powers, 1991), and the zebrafish has
two Pax6 genes that have been subjected to evolutionary
pressure. Although the zebrafish Pax6a BAC transgene did not
perfectly replicate Pax6 expression in the adult mouse retina,
the fact that it accurately reported Pax6 expression in the vast
majority of cells in both developing and adult retina is
significant and demonstrates that regulatory elements control-
ling Pax6a transcription in zebrafish, including the mechanisms
controlling alternative promoter usage, are largely sufficient to
recapitulate Pax6 expression in the mouse retina.
Pax6a Palpha-initiated transcripts are expressed in a subset of
cells in the retina
Our second main finding is that zebrafish Pax6a Palpha-
initiated transcripts are expressed in amacrine cells in both
zebrafish and mice. We demonstrated that Palpha-initiated
transcripts are expressed in amacrines in the developing
zebrafish retina; however, because of limitations associated
with transient transgenic analysis, it was not feasible to establish
whether this promoter was active in all amacrine cells or in a
specific population of amacrine cells. By making mice
transgenic for the zebrafish Pax6a BAC reporter transgene,
we were able to demonstrate directly that the zebrafish Pax6a
alpha promoter drove expression in a population of GABAergic
amacrine cells (Fig. 10). These results suggest that at least
some of the mechanisms governing Palpha-initiated transcription
in amacrine cells have been conserved between teleost and
mammals.
Consistent with this, the zebrafish Pax6a alpha promoter
region contains highly conserved consensus binding sites for
several transcription factors, including those that are known to
bind proteins in mice or quail (Kammandel et al., 1999; Plaza et
al., 1995). Of these Pax2 and Msx1 stand out; Pax2 is known to
regulate Pax6 expression during eye morphogenesis (Baumer et
al., 2003; Schwarz et al., 2000), and a regulatory link between
Msx1 and Pax6 has been suggested based on genetic analysis
(Grindley et al., 1995). Our results indicate that these regulatory
interactions have been conserved between zebrafish Pax6a and
mouse. Additionally, we identified a putative bHLH binding site
that is conserved between zebrafish Pax6a, humans, mice, and
birds (Fig. 12B, and data not shown). Members of the bHLH
family of transcription factors bind specifically to a hexanu-cleotide sequence (CANNTG), known as an E-box (Ephrussi
et al., 1985). The central two nucleotides of the E-box and
the flanking sequences influence the binding preference of
individual bHLH dimer pairs (Blackwell and Weintraub, 1990;
Fisher et al., 1993). The conservation of the central two
nucleotides and the flanking sequence of the E-box in αCR1
suggest that it may act as a binding site for bHLH transcription
factors involved in cell fate specification in the retina.
Pax6 isoforms are differentially regulated in amacrine
subpopulations
Our results suggest that paired-containing and paired-less
Pax6 may have distinct roles in glycinergic and GABAergic
amacrine cells, respectively. Amacrines, originally named
because they have no axons (Ramón y Cajal, 1892), are inter-
neurons that modulate and integrate visual signals from
photoreceptors via bipolar cells to ganglion cells in the retinal
circuitry. Although amacrine cells are a heterogeneous group
comprised of at least 30 different morphologically and
molecularly distinct types, they can be divided into three
generic populations based on neurotransmitter phenotypes
(MacNeil and Masland, 1998; Masland, 1988, 2004; Strettoi
and Masland, 1996). The two largest populations contain
GABA or glycine (Marc and Cameron, 2001; Massey and
Redburn, 1987; Strettoi and Masland, 1996). In the mouse,
glycinergic amacrine cells comprise ∼35% and GABAergic
amacrine cells comprise ∼40% of the amacrine cell population
(Marquardt et al., 2001; Pourcho and Goebel, 1983; Vaney,
1990). The GABAergic amacrine cells can be further
subdivided based on the presence of other neurotransmitters
such as acetylcholine and dopamine, and the glycinergic
amacrine cells include AII amacrines (Strettoi and Masland,
1996; Vaney, 1990; Wassle and Boycott, 1991).
Although amacrine cells in both the developing and adult
retina were known to express the Pax6 gene (Belecky-Adams et
al., 1997; Hitchcock et al., 1996), we provide evidence that
glycinergic amacrine cells express paired-containing Pax6
(Figs. 10A–E, 11I–L), and a subpopulation of GABAergic
amacrine cells express both paired-containing and paired-less
Pax6 (Figs. 10F–J). These results are intriguing because
conditional deletion of Pax6 in the mouse retina led to the
loss of all retinal cell types except GABAergic amacrine cells
(Marquardt et al., 2001). Thus, the Pax6 gene appears to be
required for specification of glycinergic amacrine cells, but
dispensable for the generation of GABAergic and unidentified
amacrines. Our finding that glycinergic amacrine cells express
transcripts encoding for paired-containing Pax6, in conjunction
with the Pax6 conditional deletion data, indicates that paired-
containing Pax6 is required for specification of glycinergic
amacrine cells. Our data also suggest that Pax6ΔPD may have a
distinct function in GABAergic neurons. One possible function
could be to control the differentiation of specific types of
GABAergic amacrine cells.
There are at least two ways that Pax6ΔPD could function.
Because Pax6ΔPD can only bind DNA through the HD, it is
possible that it may bind to downstream targets different than
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alter the range of Pax6 targets by directly interacting with
paired-containing Pax6 or other factors. Biochemical and
genetic studies have shown that the PD and HD bind to specific
DNA target sites (Chi and Epstein, 2002) and can influence
each other's binding to DNA (Duncan et al., 1998; Haubst et al.,
2004; Jun and Desplan, 1996; Mikkola et al., 2001; Mishra et
al., 2002; Singh et al., 2000). Analysis of the in vivo function of
Pax6ΔPD is expected to clarify its role in GABAergic
amacrines.
Transgene expression in bipolar and Müller glial cells
We observed transgene expression in populations of bipolar
and putative Müller glial cells in the retinas of both developing
zebrafish and adult mouse. Although these cells are not
normally thought to express Pax6, irregular weak Pax6
expression has been reported in the Müller-bipolar region in
the developing chick retina (Adler, 1998), and we have detected
weak endogenous Pax6 expression in a small number of cells in
the Müller-bipolar region of the adult zebrafish retina
(Lakowski and Lauderdale, unpublished). Although we do not
know the identity of these cells, they do not express syntaxin.
Thus it is possible that a group of bipolar cells in birds and fish
express the Pax6 gene at low levels, and the transgene detects
this. Alternatively, the transgene may be ectopically expressed
in these cells for some reason. In the adult mouse retina, ectopic
expression of the zebrafish Pax6a BAC transgene could result
from either species differences in gene regulation or misregula-
tion due to sequence differences between zebrafish and mice in
some cis-regulatory elements. It is worth noting, however, that
the majority of bipolar cells in the adult mouse retina did not
express the transgene (Fig. 11), and so the mechanism
responsible for this ectopic expression was operational in only
a subset of bipolar cells.
The Pax6 BAC transgene expression in Müller glial cells is
intriguing, and is present in all of our transgenic lines. In
addition to the zebrafish Pax6a BAC transgene reported here,
we have several lines of mice harboring one of three different
mouse Pax6 BACs (Kim and Lauderdale, 2006, submitted,
unpublished). All lines exhibit EGFP expression in Müller glial
cells. While it is possible that all these BAC transgenes lack
negative regulatory elements that keep Pax6 from being
expressed in these cells, an alternative explanation is that
Pax6 is normally transcribed in Müller glial cells, although at
very low levels. Alternatively, the apparent lack of Pax6
immunoreactivity in these cells may result from post-transcrip-
tional control mechanisms. There is precedence for a BAC
transgene unveiling regions of low expression of a gene; in this
case a Chx10 reporter BAC transgene revealed Chx10
expression in Müller glial cells (Rowan et al., 2004). It will
be interesting to determine if Pax6 is in fact expressed in
Müller glial cells in the adult retina, as is suggested by our Pax6
BAC transgenes. Pax6 functions to maintain the neurogenic
potential of radial glial cells elsewhere in the brain (Heins et al.,
2002). Perhaps it plays a similar function in Müller glial cells in
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